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ABSTRACT
RES PONSE OF CYPlA AND VEGF IN Cyprinodon variegatus WHEN EXPOSED TO
SOURCE/DISPERSED OIL AND HYPOXIA
by Bryan Matthew Hedgpeth
May 2013
My thesis research focu sed on the effects of two environmental stressors on the
small estuarine fish, Sheepshead minnow (Cyprinodon variegatus). Specifically, I
examined the effects of exposure to crude and dispersed oil and hypoxia. I looked for
responses using a combination of molecular and ecological endpoints. These stressors
were chosen because of the 2010 Deepwater Horizon oil spill which released 4.1 million
barrels of crude oil into the northern Gulf of Mexico. An estimated 2.1 million gallons of
Corexit 9500 was used in an attempt to disperse the oil slick into the water column. The
spill happened in a time and region that is also chronically affected by hypoxia.
Previous research has indicated that there may be an interaction between the
molecular pathways Sheepshead minnow use to respond or defend against both
hydrocarbon and hypoxia stress (specifically that Aryl hydrocarbon Receptor Nuclear
Translocator (ARNT) and Hypoxia Inducible Factor 1~ (HIF-1 ~) are hypothesized to be
the same protein). Furthermore, much of the research using hydrocarbon exposure on
estuarine fish has ignored this potentially critical interaction. Therefore, I focused my
thesis research on explaining the effects co-exposure to ecologically relevant levels of
crude (non-dispersed) and dispersed (with Corexit 9500) oil and hypoxia could have on
the environment.
II

My results indicate that Cytochrome P450 lA (CYPlA) increases in a dose
dependent manner when larval and adult C. variegatus are exposed to crude (WAF) and
dispersed crude (CEWAF) oil. Vascular Endothelial Growth Factor (VEGF) expression
increases in a dose dependent manner when larval C. variegatus are exposed to 2.5 mg!L
dissolved oxygen (DO) levels. Also, a synergistic effect is observed on CYPlA
expression when co-exposure toW AF +hypoxia, CEWAF +hypoxia occurs. Finally,
along with an increase in adult mortality when co-exposed to W AF/CEW AF and
hypoxia, I observed a decrease in egg production, egg hatch success and larval survival
when hypoxia and co-exposure occurs. A significant difference was observed between
the egg production within W AF/CEW AF + hypoxia exposed adults and the adults
exposed to control treatments (hypoxia- P<0.05, hypoxia WAF- P<0.05, and hypoxia
CEW AF - P<0.05). In addition, a significant difference was observed in egg hatch
success between W AF/CEW AF + hypoxia exposed eggs and control treatment exposed
eggs as well as eggs that were continuously exposed to the hypoxic treatment (hypoxia

.

treatment - P<O.OOl , hypoxia WAF CTRL and TRT - P<O.OOr, hypoxia CEW AF CTRL
and TRT - P<O.OOl). My research shows a significant impact on reproductive success
during simultaneous exposure to W AF/CEWAF and hypoxia; this indicates the
importance of taking environmental parameters such as hypoxia into consideration when
evaluating the impact of an oil spill.
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CHAPTER I
INTRODUCTION
Deepwater Horizon (DWH)
On the 20th of April, 2010, the oil drilling rig Deepwater Horizon (DWH)
exploded resulting in an uncontrollable release of crude oil into the Gulf of Mexico
(Figure 1). During the 85 days it took to cap the well, a federally accepted estimate of
4.1 million barrels of oil were released 66 kilometers off the coast of Louisiana, making
the DWH spill the worst is US history (Wolf & Barron, 2012). Released oil from the
Macando well site comprised an estimated 3.9% Polycyclic Aromatic Hydrocarbons
(PAHs) by weight, bringing the total PAHs released to (Allan, Smith, & Anderson,
2012). Dispersants used during the DWH incident totaled an estimated 7.95 million liters
(Allan et al., 2012).
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Figure 1. Map of spill location (Red dot) and projected movement of the released oil
from April 29, 2010 to May 3, 2010.
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Past Oil spill Effects

Although not to the same scale as DWH, other oil spills such as the Exxon Valdez
in 1989 provide some insight on possible impacts crude oil can have on the environment.
In 1989, the oil tanker Exxon Valdez hit a reef in Prince William Sound (PWS), Alaska.
At the time of the incident, the Exxon Valdez was the largest spill in U.S. history,
releasing 41 .6 million liters of crude oil. Efforts to clean up the spill included surface
burning, mechanical cleanup and chemical dispersants. Both dispersants and burning
proved unsuccessful, so the primary source of open water cleanup was considered
mechanical (U.S. EPA, 2011).
Locations that were to be impacted by oil were identified and ranked by cleanup
priority. Those locations that were identified as most important were locations where
seal pupping and fish hatchery occurred. Within the important areas, special cleanup
methods were approved. Early identification and cleanup methods for these areas had
begun; due to inadequate resources oil cleanup proved. to be a difficult task. Cleanup was
slow which resulted in a loss of food resources for many mammals and birds (U.S. EPA,
2011).
Before the Exxon Valdez spill, acute toxicity was thought to be the primary
method of toxicity when an event such as an oil spill occurred. After the primary efforts
to clean the coast line of PWS finished in 1992 the remaining oil from Exxon Valdez was
left to degrade naturally. Unfortunately, there were areas where bioremediation was
unable to occur. Oil that had sequestered into environments with little wave disturbance
and oxygenation was unable to be degraded. In 2001 a survey was conducted to measure
remaining oil along PWS shorelines (Peterson et al., 2003). This survey revealed that
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55,600 kg of unweatherd oil remained in intertidal substrate. Primary impact estimations
on the effects of the Exxon Valdez spill were gathered based on acute toxicity. By only
assessing short term toxicity there was little thought given to ecosystem stability after
long term exposure to weathered crude oil, before the Exxon Valdez spill occurred
(Peterson et al., 2003). Research following the Exxon Valdez Spill indicated the
importance of accounting for long term exposure effects to fish populations. Results
returned from Pacific herring (Clupea pallasi) research post spill indicate that 25-32% of
the embryos in PWS were damaged by the oil spill (Carls, Marty, & Hose, 2002). The
damage caused from exposure resulted in premature hatch, low weight, reduced growth,
and an increase in morphologic and genetic abnormalities (Carls, Marty, & Hose, 2001).
Ecological Impacts of DWH
Near shore estuarine areas are primary spawning and rearing grounds for a wide
variety of fishes (Mascarelli, 2010). An estimated 75-90% of species in the northern Gulf
of Mexico spend part or all of their life within the estuary (Mascarelli, 201 0). Implying
that understanding the potential effects of exposure to crude or dispersed oil on species
resident in marshes is of high importance.
Whitehead et al. (20 11) attempted to assess exposure impacts to coastal marsh
fishes within the first four months of the DWH incident. Samples of resident Gulf
killifish (Fundulus grandis) were used to track the effects of the contaminating spill. Of
the six samples sites, only water samples from the sample site closest to the spill site
Grand Terre (GT) (Barataria Bay, LA) showed evidence of effects in the gill lamellae.
The possible exposure effects seen in the developing fish could relate to filamental and
lamellar hyperplasia noticed in gill samples taken from the GT site, which could result in
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altered ion homeostasis, gas exchange, and nitrogen waste excretion in developing
killifish. Whitehead's research indicates sub lethal exposure during spawning could have
an impact on long term recruitment (Whitehead et al., 2011).
Gulf killifish samples from Whitehead's research were taken for gene expression
analysis. Analysis was done using microarrays and RNAseq. Microarray analysis
showed l ,500 genes indicated site dependent expression over time. Gene expression over
time was different at the GT site when compared with the other five sample areas. The
difference in sample site gene expression was evident especially at the second sample
period when oil contamination had occurred. Included in the microarray analysis CYPlA
was up regulated in the GT site where the other sites showed little to no CYP lA
response. RNAseq fish samples detected down regulation from Zona Pellucida (ZP),
Chriogenin (ChgH), and vitellogenin in the GT site. The response was detected in male
fish where the proteins are synthesized in the liver. Down regulation of ZP, ChgH, and
vitellogenin are consistent with antiestrogenic effects caused by exposure to PAHs.
Whitehead brings attention to the possible reproduction impact extended PAH exposure
could have on resident fish (Whitehead et al., 2011 ).
Polycyclic Aromatic Hydrocarbons (PAHs)
Polycyclic aromatic hydrocarbons (PAHs) are a group of short and long chain
chemical compounds that are made up of two or more six -membered carbon rings. PAHs
are a common contaminant found within the environment. The majority of PAHs found
in the env ironment can be attributed to the incomplete burning of fossil fuels, crude oil,
tar, creosote, plastics, and vehicle exhaust. The presence of P AHs is of concern due to
them being toxic, carcinogenic, and teratogenic (Abrajano, Yan, & O'Malley, 2003).
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The transfer of PAHs to water can occur through contaminated runoff, deposition,
oil seeps, or oil spills. After PAHs have been released into the environment breakdown
begins to occur (Abrajano et al., 2003). Low molecular weight PAHs such as petrogenic
PAHs (originate from petrochemical sources such as oil seeps and spills) are typically
more toxic and prone to biodegradation, high molecular weight PAHs are typically more
carcinogenic and associate with solids (Yanik, O'Donnell, Macko, Qian, & Kennicutt. ,
2003). Research done by the National Academies and National Research Council (2003)
has concluded that petroleum consumption (land based runoff, spills, atmospheric
deposition, and operational discharge) is the primary source of PAH contamination in
marine environments.
PAH contamination has grown as a result of increased petroleum production. In
1970, the total oil production was 7.0 million tons per day and increased to 11.0 million
tons per day in 2000 (National Academies and National Research Council, 2003). As
contamination grows, so does exposure to coastal marine environments. Additionally,

.

because PAHs have low water solubility, they tend to persist for long periods of time
after contamination occurs (Cerniglia, 1992). The persistence and lipophilicity can be
accounted for because of an increase in molecular weight (Cerniglia, 1992).
PAH Toxicity
Various levels of PAH toxicity can be observed in embryonic and adult fish. A
study to assess the toxicity of dissolved PAHs vs. oil particles was done by Carls et al. in
2008. Carls et al. (2008) compared the difference in effect dissolved PAHs and oil
particles had on zebrafish embryos. Carls (2008) found that physical contact between
embryos and oil droplets is not necessary to observe embryotoxicity. A greater response
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was observed in mechanically dispersed oil exposures, concluding that embryos reacted
to dissolved PAHs (Carls et al., 2008). Hendon, Carlson, Manning, & Brouwer (2007)
exposed embryonic sheepshead minnow to varying concentrations of pyrene, which were
found to disrupt normal development and alter expression of Aryl Hydrocarbon Receptor
(AHR)/ARNT demanding pathways in a dose dependant manner. The majority of
toxicology research has exposed freshwater Danio rerio to individual PAHs (BaP,
Pyrene, Benzo[k]fluoranthene (BkF), carbazol (CB), and polycholronated biphenyl126). Fleming and DiGiulio (20 11) state the importance of testing environmentally
relevant PAH mixtures such as crude oil, because crude oil is complex and has potential
to interact with hypoxia both synergistically and antagonistically.
Oil Dispersants
Oil dispersants are used in response to oil spills like DWH. Chemically
dispersing has an advantage over mechanically dispersing oil. Mechanical response
recovers very little oil (10%) and collection methods are limited to fair weather
conditions. Chemical dispersants are applied when there is potential for a large
biological impact. Even though dispersants can be beneficial in removing surface oil and
limiting the impact on inshore and estuarine habitats, dispersants are chemically
engineered and can potentially have their own toxic effects (Committee on
Understanding Oil Spill Dispersants: Efficacy and Effects, National Research Council,
2005).
Dispersants work by utilizing a two part solution made up of a solvent and
surfactant (surface active agent). Surfactants are responsible for reducing the interfacial
tension between the oil and water. After the interfacial tension is reduced, the oil is
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broken into small ( 1-70 microns) droplets and is mixed into the water column by wave
energy. Even though the oil is no longer visible as a slick on the water's surface, the
dispersed oil droplets are neutrally buoyant and typically remain within the top 5-10
meters of the surface. Not only do the small droplets allow for dispersion, they also
create more surface area for oil degrading organisms to interact with. Microorganisms
along with various other bacteria and fungi aid in the breakdown of the naturally released
oil (Atlas, 2011). The oil degrading organisms are able to break down the PAH
compounds into less harmful compounds (Leahy & Colwell, 1990).
Over time oil degrading microorganisms have been able to evolve due to the
natural release of crude oil into the environment (Atlas, 2011). However, when there is a
significant increase in released oil such as the DWH incident, there is a need to reduce
the oil reaching the ocean surface. To limit the amount of oil on the ocean surface, those
involved in the control and cleanup of DWH used oil dispersants, particularly Corexit
9500.
The U. S. Environmental Protection Agency (U.S EPA) National Oil and
Hazardous Substances Pollution Contingency Plan (NCP) list 14 commercially available
dispersants. A variety of these dispersants have been tested through acute exposure to
mysid shrimp (Americamysis bahia) and the inland silverside (Menidia beryl/ina).
Hemmer, Barron, & Greene (20 11) found that eight of the 14 dispersants, including the
dispersant used in DWH (Corexit 9500A), were all less toxic alone compared to when
they were mixed with oil. However, when a mixture of dispersant and Louisiana Sweet
Crude oil were used for exposures, the Corexit 9500A dispersed oil was generally less
toxic than the other dispersed oil combinations (Hemmer et al., 2011).
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Another study indicated that similar toxicity was observed between dispersant
and oil exposures, although dispersed oil was shown to result in increased effects
(Berninger, Williams, & Brooks, 2011 ).
Note, that these data are based on acute mortality, and provide very little
information about the potential for effects related to long-term, chronic exposures, or for
the potential for reproductive or ecological scale impacts. An analysis of the potential for
the dispersants to cause endocrine disruptive effects indicated low probability, although
these results were from transgenic assays in HepG2 cells, and may not be indicative of
effects in marine or estuarine species (Judson eta!., 2010).
As dispersants are responsible for removing the oil from the water's surface and
dropping it into the water column, exposure rates to pelagic or planktonic organisms
would be expected to increase as more oil becomes available. Ramachandran et al.
(2004) found that the dispersant Corexit 9500 was not an inducer of CYP l A, but
induction rates of CYPlA increased between 6-1100 fold in dispersed oil when compared
.•

to crude oil, indicating that exposure to dispersed oil increases uptake and accumulation
of hydrocarbons over that of hydrocarbons alone.
Hypoxia
Environmental hypoxia occurs in the Gulf of Mexico when oxygen concentration
falls at or below 2 mg/L. Hypoxic conditions along the coasts of Louisiana, Texas, and
Mississippi are created by bottom water oxygen consumption exceeding the supply of
oxygen from above. The inability of oxygen to reach the bottom layer is controlled by
stratification in the water column which is determined mostly by freshwater influence
corning from the Mississippi River. Organic matter produced in the surface waters due
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to enhanced phytoplankton production contributes to the consumption of oxygen in the
bottom layer. This organic matter production rate is regulated by the supply of nitrogen
from the Mississippi River which is greatly influenced from crop fertilization occurring
in Midwest farming regions (Turner et al., 2012).

Figure 2. Estimated regions impacted by chronic hypoxia. Red indicates regions
where hypoxia is most severe (NOAA).

Mapping of hypoxia in the Gulf has taken place since 1985, showing hypoxia has
slowly increased in area since mapping began (Figure 2). The size of the Gulf hypoxic
zone has varied between 40-22,000 km2 in midsummer and has averaged 13,600 km2
since 1985. The hypoxic zone is located along the Louisiana shelf west of the
Mississippi river and into upper Texas coast. Hypoxia can spread into Mississippi
coastal waters, but it is typically sporadic and short lived. Often called the "Dead Zone"
due to its persistence, the Louisiana Dead Zone is the second largest human caused
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hypoxic zone in the world. In the summer of 2010 the hypoxic region grew to 20,000
kmz (Rabalais, Turner, & Wiseman, 2001; Turner et al., 20 12,).

In 2010 a scientific assessment of coastal waters found that of the 244 different
ecosystems observed from coastal Florida to Texas 191 of those ecosystems experienced
hypoxic conditions (Interagency working group, 20 10). Coastal environments such as
estuarine and marsh habitats provide valuable resources for breeding and rearing young
fish. This creates an issue when important environments become unstable due to a
decrease in dissolved oxygen. Although the lack of dissolved oxygen can create unstable
living environments, a variety of fishes seem to be able to cope with limited exposure to
hypoxic and in some cases anoxic (0 mg!L) conditions for 24h- 96h periods (Padilla &
Roth, 2001).
Padilla and Roth (200 1) exposed embryonic Danio rerio to anoxic conditions for
a period of 24h. During this exposure, all microscopic movement stopped including cell
division. The fish that developed a heartbeat prior to anoxic exposure showed no signs of
,.

continued heartbeat during anoxia. Along with other functions that stopped during
anoxia exposure, all were returned to normal function once normoxic conditions resumed
(Padilla & Roth, 2001 ).
Cytochrome p450 1A
PAHs are detoxified in most vertebrate organisms through a well-conserved and
described pathway, via the activity of Cytochrome p450 1A (CYP 1A). Cytochrome P450
1A1 (CYPlAl) belongs to the Super family of isoenzymes called Cytochrome P450.
The isoenzymes within the Cytochrome P450 family are grouped together by similarities
in amino acid alignments. CYP1Al and CYP1A2 are 57-59% similar; this percentage of
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similarity groups them together under the CYP l A subfamily. The CYP l A subfamily is
known to be induced by PAHs (Tuvikene, 1995).
PAHs enter the cell through passive diffusion. After the PAH enters the cell it is
bound by the Aryl Hydrocarbon Receptor (AHR, Figure 3). The AHR then moves into
the nucleus and dimerizes with Aryl Hydrocarbon Nuclear Translocator (ARNT). The
dimer complex binds with Xenobiotic Response Elements (XRE) and results in
downstream induction of CYP l A l. Once translated into the protein, CYP l A moves into
the cytosol, where it preferentially binds free PAHs. CYPlA metabolism increases
hydrophilicity of PAHs and allows for renal clearance (Safe, Wormke, & Samudio, 2000,
Tuvikene, 1995). Induction and activity of the CYPlA pathway is a well-characterized
biomarker for PAH exposure in multiple species (Bucheli & Fent, 1995).

A

PM$e 1· CYP1A1 , CYP1Al, CVP1S1

JCIIO

~P1lase II: GSTM, NOOl , UGTIA,

Figure 3. CYP lA pathway: Ligand (TCDD) binds with AHR, AHR disassociates with
chaperone proteins and moves into the nucleus dimerizing with ARNT. The dimer
complex binds with XRE results in downstream induction of CYPlA. Image provided
by: http:l/carcin.oxfordjournals.org/content/3118/1319/F l.expansion.html.

AlDH
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Hypoxia Inducible Factor 1 (HIF 1)
Fish respond to hypoxic conditions through various gene transcription pathways
(Figure 4). These pathways allow fish to adapt and effectively cope with the stress of
hypoxia. Hypoxia Inducible Factor 1 is a DNA-binding complex that regulates gene
expression in response to cellular hypoxia (Fleming, Billard, & DiGiulio, 2009; Woods,
Gleadle, Pugh, Hankinson, & Ratcliffe, 1996). HIF is a heterodimeric transcription factor
that is composed of two subunits: HIF-1a and HIF-1 p. The route HIF-1a takes to induce
gene transcription follows a continuous production of HIF-1 a, which is quickly degraded
under normoxic conditions. After moving from a normoxia to hypoxia the a-subunit is
stabilized and translocated to the nucleus. Stability of the a-subunit is controlled within
the oxygen dependent degradation domain (ODD). Under normoxia, ODD is recognized
by the product of the von Hippel-Lindau (pVHL) tumor suppressor gene that tags the
subunit polyubiquitin to promote HIF- la degradation by the proteasome (Bruick, 2003).
Following exposure to hypoxic conditions pVHL fails to recognize the HIF-la subunit,

..

which allows HIF-1 a to accumulate. After HIF-1 a translocates to the nucleus it
dimerizes with HIF-lP and then binds to Hypoxia Response Elements (HREs) within the
promoters of target genes such as and Vascular Endothelial Growth Factor (VEGF)
(Bruick, 2003).

C e ll

Figure 4. HIF-la is degraded under normoxia by Proteasome 26S, but under hypoxia
HIF- 1a dimerizes with HIF- 1p inside the nucleus. The HIF-1 dimer complex binds to
HREs within promoters of target genes such as VEGF (U.S. EPA, 2002).
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Vascular Endothelial Growth Factors (VEGF) is a family of secreted polypeptides
with a highly conserved receptor binding cytosine-knot structure. The VEGF family
consists of VEGF-A, Placental Growth Factor (PLGF), VEGF-B, VEGF-C, VEGF-D,.
and the viral VEGF-Es. VEGF-A which has been labeled as VEGF has been identified as
the most important regulator of blood vessel formation Along with VEGF being essential
for embryonic vascularization and angiogenesis it is utilized by adult fish during hypoxia
exposure (Holmes & Zachary, 2005).
VEGF is highly conserved in a large number of tested species including teleost
fish (Dania rerio, and Fugu rubripes). Between human, mouse and teleost fish VEGF
shows a 68% and 69.7% identity match of amino acids. This evidence can support the
important adaptive role VEGF plays in developmental angiogenesis along with exposure
to hypoxia. A VEGF inactivation study was performed on mice, which resulted in
angiogenesis impairment and eventual death (Ferrara et al., 1996).

..

Hypothesized Cross-Talk between CYP1A and HIFlb Pathways
HIF- 1~

and ARNT have previously been identified to be the same protein, at least

in some species (Bruick, 2003). Due to the well-conserved nature of both CYP l and
VEGF induction pathways, it is likely that this is true for Sheepshead minnow.

These

two factors are members of the basic-helix-loop-helix/Per-ARNT-Sim transcription factor
family (Bracken, Whitelaw, & Peet, 2003; Wood et al., 1996). ARNT/HIF-1~ is a
dimeric partner for AHR and HIF-la. which are the initial response mechanisms for two
different signaling pathways CYPlA (AHR) and VEGF (HIF-1a.). The possibility of
cross-talk occurring would mean the activation of one pathway could inhibit the response
of the other. Evidence of cross-talk inhibiting both CYPlA and VEGF pathways was
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observed by Chan, Yao, Gu, & Bradford ( 1999). However, other studies observed crosstalk inhibition only going one direction (Gassman, Kvietikova, Rolfs & Wenger, 1997;
Gradin et al., 1996).
More recent studies done by Hendon et al. (2007) tried to show cross-talk
between the VEGF and CYP lA pathways when embryonic sheepshead minnow
(Cyprinodon variegatus) were exposed to pyrene during development. Hendon (2007)

could not conclude that her results indicated direct cross-talk between pathways, but she
did observe altered VEGF expression during normal development. However, her
research focused on a single PAH (pyrene), rather than the full suite of contaminants
found in crude and dispersed oil. Along with altered VEGF expression an increase in
dose dependant abnormalities was observed for pyrene treatments. Fleming and Di
Giulio (2011) used zebrafish when observing embryotoxic interaction effects of exposure
to hypoxia and specific PAHs. Fleming indicated that since individual PAHs could
interact with hypoxia synergistically, antagonistically, or not at all he concluded exposure
to various PAHs can have a synergistic, antagonistic, or additive toxicity with hypoxia.
The question of if cross-talk between CYP lA and VEGF pathways (via competition of
ARNT/HIF- 1p) occurs is still unresolved.
Cyprinodon variegatus (Sheepshead Minnow)

Belonging to the family cyprinodontidae, C. variegatus was first described in
1803 by Lacepede. Sheepshead minnow are around4.6 centimeters in length with silver
robust bodies. They have one dorsal and one anal fin with no lateral line. Upon reaching
maturity males typically can be distinguished by the presence of a black lateral band on
the posterior end of the caudal fin. Distribution ranges from the northern Atlantic coast
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of the United States throughout coastal and estuarine habitats in the Gulf of Mexico and
along the South American coastline (Texas Parks and Wildlife, 2012).
Eurytolerant sheepshead minnow have the ability to survive in extreme conditions
such as shallow hypoxic water. Sexual maturity is reached around three months.
Spawning activities vary depending on water conditions. In colder environments
spawning occurs February through October, while in warmer environments spawning
takes place throughout the year. Spawning females have the ability to spawn multiple
times per season. Spawning typically occurs at one to seven day intervals, with egg
deposits varying between 100-300 eggs per spawning period. Depending on water
temperature eggs incubate between four and 12 days. When hatched larvae are usually
around 4 mm in length with a yellowish color (Texas Parks and Wildlife, 2012).
In addition to being a well-documented species the U.S. EPA has adopted the
Sheepshead minnow as a standard laboratory test species for pollution detection in certain
regions (U.S. EPA, 2002). In captivity Sheepshead can be easily bred and reared for
various applications. Their ability to tolerate a wide range of temperature, pH, salinity,
and dissolved oxygen levels make them an ideal species for a dual exposure study
(Hendon, 2006).
The decision to use Sheepshead in the following experiments was made based on
their ability to cope with a wide range of water conditions, the ease in which they can be
bred and reared, their native range including the Mississippi Sound and across the gulf
coast, having a well-documented life cycle, and including knowledge of the rate and
period at which spawning occurs.
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Research Objectives
Past research has explored the possibility of cross talk occurring between the
AHR and HIF-1 a. signaling pathways with mixed opinions and results. Previous studies
have focused primarily on individual PAHs (BaP, Benzo[k]fluoranthene, and pyrene)
with exposure to the embryo and larvae of exotic freshwater species (Dania rerio), or the
effects of individual PAHs on embryonic development (Fleming & Di Giulio, 2011;
Fleming et al. , 2009; Hendon, 2006; Hendon, Carlson, Manning, & Brouwer, 2007).
The following research is designed to address whether cross-talk is observed
between the shared protein ARNT/HIF-lp of the AHR and HIF-la. (CYPlA, VEGF)
signaling pathways during simultaneous exposure to oil/dispersed oil and hypoxia of
larval and adult C. variegatus. By using environmentally relevant conditions with a test
species that is abundant throughout the Gulf of Mexico, results could indicate the impact
exposure to oil and hypoxia have on estuarine species.
The specific objectives of this research will explore larval and adult CYP lA
expression in C. variegatus after exposure to oil and dispersed oil, VEGF expression
after exposure to hypoxia, the change in CYPlA expression following simultaneous
exposure to oil and hypoxia, expression of ARNT/HIF-1 p after exposure to oil and
hypoxia, and egg production from a two week adult exposure to oil and hypoxia.
Overall, the results from these exposures will determine if cross-talk is occurring through
ARNT/HIF-lp, and provide evidence elucidating, to what extent and effect the cross-talk
could have on C. variegatus.
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Hypotheses
The hypotheses in question are:
1) Exposure to crude oil will cause CYP1A to be expressed in a dose dependent
manner.
2) Exposure to dispersed crude oil will cause CYP 1A to be expressed in a dose
dependent manner.
3) Exposure to hypoxia will cause VEGF to be expressed in a time and dose
dependent manner.
4) Simultaneous exposure to crude oil and hypoxia will inhibit expression of CYP l A
due to competition for ARNT/HIF-1 p.
5) Chronic exposure to crude oil and hypoxia will have adverse effects on adult
reproduction.
6) ARNT/HIF-1 p will be successfully identified as the cross-talk location between
the CYP1A and VEGF pathways.
7) Simultaneous exposure to crude oil and hypoxia will exacerbate mortality in adult
chronic exposures.
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CHAPTER II
MATERIALS AND METHODS
Dilution Water
Water used for housing and exposures was Artificial Seawater (ASW) made
multiple times per week. ASW was diluted to 15 ppt by mixing Fritz super concentrate
two part salt with non-chlorinated well water. The ASW is mixed in a 1500 gallon
covered storage tank. ASW is then pumped into the building and maintained at room
temperature in an 800 gallon fiber glass storage tank until used for experimentation.
Test Organism
C. variegatus were maintained in 80 gallon static raceways until needed for

experiments. The stock of C. variegatus has been maintained by staff under controlled
conditions for the past seven years. Daily maintenance included monitoring of
temperature, salinity, and dissolved oxygen. Salinity in raceways was maintained
between 14-16 ppt with temperature controlled at 26 ± 1 oc. ..Adult fish were fed twice
daily, morning feeding used Ziegler's Maintenance flake food, and an afternoon feeding
of brine shrimp nauplii (Artemia franciscana). All fish in raceways were placed on a 16
h light 8 h dark photoperiod.
Reproduction for Larval Exposures
For the purposes of the larval exposures, a large number of 24 hour post hatch
(hph) larval C. variegatus were needed. In order to verify time to hatch along with the
ability to gather a sufficient amount of eggs breeding nets were constructed and utilized.
The use of breeding nets allowed for all embryo fertilization to occur within a 24h period.
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Breeding nets are constructed from an outer ring of eight inch PVC pipe with an
inner ring holding two different mesh sizes in place. A larger mesh was placed over
smaller mesh (<325 micron) with a space left in-between the two mesh sizes for eggs to
fall through and rest on the smaller mesh. By using this construction method it allows for
females to disperse eggs over the breeding net and allow males to fertilize without the
eggs being exposed to cannibalism. Two breeding nets were placed in each raceway of
adult C. variegatus; nets remained in the raceways for a 24 h period. The breeding nets
were removed following the 24 h period. After removing the nets, eggs were briefly
rinsed using ASW and transferred to an embryo cleaning screen.
In nature, C. variegatus lay eggs that clump together by adhesive threads (Kuntz,

1916). The adhesive threads allow eggs to stick to vegetation, rocks, and other objects.
Although advantageous in the natural environment, the clusters of eggs that form could
lead to bacterial infection, therefore, adhesive threads need to be removed and clusters
separated (Hendon, 2006). The embryo cleaning screen was constructed using the same
8 inch PVC pipe with <325 micron mesh being held tightly in place by slightly smaller
PVC. The egg clusters are rolled gently by hand over the <325 micron mesh and gently
rinsed with ASW until all debris and threads are removed. After all debris and threads
are removed eggs are transferred to 3 L holding jars where aeration is applied avoid to
potential settling.
Preparation of Water Accommodated Fraction (WAF)
The Chemical Response to Oil Spills Ecological Effects Research Forum
(CROSERF) has provided a technical definition of Water Accommodated Fraction
(WAF). WAF is a laboratory-prepared medium derived from low energy mixing of a
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poorly soluble test material which is essentially free of bulk material (Singer et al., 2000).
For the purpose of this study WAF was prepared using Northern Gulf Institute (NGI)
source oil. Source oil was removed from a storage container with a Hamilton syringe and
added to 15 ppt ASW inside a stainless steel blender. Once both the oil and water are in
the blender the mixture is blended at low speed for 30 seconds. After the 30 sec.
blending finishes, WAF is poured into a separation funnel and allowed to sit covered with
foil for 1 hour. Following the 1 hour settling period the WAF is transferred to a flask or
graduated cylinder and ready for use.
Preparation of Chemically Enhanced Water Accommodated Fraction (CEW AF)
Chemically Enhanced Water Accommodated Fraction (CEWAF) is defined as a
laboratory-prepared medium derived from vortex mixing of test material (oil) and
chemical dispersant in which a relatively stable population of bulk material droplets are
present (Singer et al., 2000). CEWAF was prepared using NGI source oil. Source oil
was removed from storage contained with a Hamilton syringe and added to 15 ppt ASW
inside a 2 L or 4 L aspirator bottle. After the source oil waf!: placed into the aspirator
bottle, dispersant was removed from the storage container by a Hamilton syringe and
injected into the aspirator bottle. CEW AF was then mixed by stir plate at 20-25% vortex
for 18-24 hours. Following the vortex period the CEW AF was removed from the stir
plate and allowed a three hour settling period. After settling the CEWAF was drained
from the aspirator bottle and ready for use.
Chronic Exposure
The flow through system used was described by Manning, Schesny, Hawkins, & Barnes,
( 1999). The exposure system has enclosed chambers with internal walls of water-

21

resistant materials, sliding doors, a water bath to maintain temperature, and exterior
venting for air. Timer controlled, overhead fluorescent lights provide a controlled
photoperiod. Test aquaria sit within a water bath to maintain a constant temperature.
Exhaust vents in the exposure chamber maintain a slight negative pressure. Treatment
media is distributed by a multicompartmented water partitioner and a series of liquid
dispensing injectors which are activated independently for each treatment to ensure
accurate dosing.
The injectors used during this study were Hamilton Company PSD/2. The PSD/2
syringe pumps are used in areas requiring laminar flow with accuracy and precision. Test
media is stored in a flask or graduated cylinder until the syringe pump is activated by a
timed switch. The aquaria used for this study (30 L) were purchased from Ocean View
Aquarium Products. The aquaria had a hole drilled in the side glass to allow 28 L of
water to remain inside. Glass tubing was placed inside the drilled hole that directs water
into a centralized drain.
To control DO, a Neptune system AquaController III was used. This allowed for
smooth regulation of DO levels. The DO probe of the AquaController was placed in the
first aquarium and the returned reading automatically switched on and off a tank of
nitrogen. Flow of nitrogen into the exposure water lowered DO by purging dissolved
oxygen from the water.
Experimental Design
A total of five exposures were performed for my thesis research. Exposures 1, 2,
and 3 were used as rangefinders to establish experimental parameters. By establishing
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experimental parameters I was able to produce known results and ensure future exposures
would be done correctly.
Exposure 1 was used to establish CYP lA transcriptional response when 24 hph C.
variegatus were exposed to four different concentrations of WAF and CEWAF over 24

and 96 h. Exposure 2 determined transcriptional response of VEGF when 24 hph C.
variegatus were exposed to 2.5 mg/L DO over 24, 48, 72, and 96 h. Exposure 3 was the

initial combination of exposure conditions. 24 hph C. variegatus were exposed to two
different concentrations of WAF and CEWAF under normoxia and two different
concentrations of WAF and CEW AF under hypoxic conditions for 24 h. Exposure 3
provided initial transcriptional response for CYP lA during simultaneous exposure.
Exposures 4 and 5 were based on the three previous rangefinders. The parameters
determined from initial exposures were 10 mg/L WAF and CEW AF concentrations, 2.5
mg/L dissolved oxygen, and exposure length of 48 h for acute exposures.
By using the parameters described above Exposure 4 was used to determine the
interaction between the CYPlA and VEGF pathways. This was done though
simultaneous exposure to WAF or CEWAF and hypoxia. Exposure 5 was the chronic
exposure. It ran for two weeks and used the same parameters as the acute exposures
except for exposure length. Exposure 5 used adult C. variegatus to observe
transcriptional response of CYPlA in liver samples taken at one and two week post
exposure, as well as to observe CYP 1A and VEGF expression in gill samples taken two
weeks post exposure. Along with gene expression, Exposure 5 allowed for reproduction
data to be collected as well. Reproduction data included number of eggs produced per
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female and hatch and survival success from isolated eggs, and provided a way to link the
molecular responses to ecological responses
Exposure 1: Acute exposure of 24 hph C. variegatus toW AF and CEW AF
Acute WAF and CEW AF exposures were carried out in the W .M. Shoemaker
Toxicology Laboratory facility at the Gulf Coast Research Lab (GCRL). The exposures
were designed to observe the transcriptional response of CYP 1A expression in larval
SHM to acute (96h) WAF and CEWAF exposure. ASW was acquired in-house from the
available 15 ppt storage tanks. Exposures were performed in quadruplicate in 150 mL
Pyrex exposure dishes, which were covered with glass Pyrex Petri dishes to prevent PAH
volatilization. Each replicate contained 10 24 hph SHM and 100 mL of test solution.
WAF and CEWAF concentrations were chosen based on a previous exposure that
determined the LC5o of 24 hph C. variegatus to be 774.63 mg/L. WAF and CEW AF
was prepared as a 100 mg/L stock solution and diluted to the desired nominal
concentrations.

Exposure concentrations for both WAF and CEW AF were 0.1 mg/L,

1.0 mg/L, 10 mg/L, and 100 mg/L nominally.
Observations (daily mortality) and water quality measurements (pH, DO,
Ammonia) were taken before the Pyrex dishes were covered and placed into a low
temperature Precision incubator (Thermo Scientific Model 815) at 26 oc. Each day,
observations along with water quality were taken. If any mortality occurred, the fish was
removed and mortality recorded.
Larval SHM were samples at 24 and 96 hours post-initiation to see if there was a
difference in CYP lA expression between the two exposure times. For the first sampling
period (24 h) one replicate was removed for each concentration. The larvae were taken
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from the compound and placed in a 1.5 ml centrifuge tube with 100 ~-tl of RNA later
solution (Ambion). Samples taken were stored in a freezer at -20 °C until analysis (up to
five days). Upon completion of the test, the larval fish were removed from the remaining
three replicates and placed in individual 1.5 ml centrifuge tube filled with 100 ~-ti of RNA
later. Samples were stored at- 20 °C (up to five days) until analysis.
Exposure 2: Acute exposure of 24 hph C. variegatus to hypoxia
The exposure of 24 hph C. variegatus to hypoxia was used to determine VEGF
expression over a 96 h period. Preparation and setup for this exposure was done in the
Toxicology facility and carried out in the Caylor building at the GCRL. Larval SHM
were produced as described previously.
Exposures were performed in quadruplicate 150 mL Pyrex exposure dishes,
which were covered with glass Pyrex Petri dishes to prevent reoxygenation. Each
replicate contained 10 24 hph SHM and 100 mL of 15 ppt test solution. These exposures
were performed in the Biosherix I-Glove incubator glovebox in lab 208 C of the Caylor
.•

building. The Biospherix I-Giove incubator glovebox (Figure 5) allowed for
uninterrupted control of dissolved oxygen levels in the 150 ml Pyrex dishes. Along with
the glove box the PROOX model 360 is used to inject nitrogen into the glovebox to
eliminate oxygen exchange into exposure dishes. The desired DO of 2.5 mg/L L ± 0.5
mg/L was achieved with the glovebox and gas control module. Dissolved oxygen was
lowered by injecting nitrogen into the Biospherix glovebox. The DO was measured
within each replicate using a YSI optical DO meter.
Daily observations along with water quality were taken every 24 h. Sampling was
done after daily observation and water quality each day. Samples taken every 24 h and
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were stored in individual l.5 m1 centrifuge tubes filled with 100 !!1 of RNAlater. After
samples were placed in centrifuge tubes they were stored at -20 °C until analysis (up to
five days).
Study 3: Acute exposure of 24 hph C. variegatus to WAF, CEWAF, and Hypoxia
This exposure was designed to create a comparison of CYP lA expression during
simultaneous exposure to W AF/CEWAF and hypoxia. With this exposure WAF and
CEWAF concentrations were limited to l mg/L and 10 mg/L, while hypoxia was again
set at 2.5 mg/L. For this exposure there were 48 Pyrex dish replicates per concentration
(Figure 6). A total of 10 treatments were performed: Control normoxic, Control hypoxic,
1 mg/L WAF normoxic, 1 mg!L WAF hypoxic, 10 mg/L WAF normoxic, 10 mg/L WAF
hypoxic, 1 mg/L CEWAF normoxic, 1 mg/L CEWAF hypoxic, 10 rng/L CEW AF
normoxic, 10 mg/L CEWAF hypoxic. Each treatment was performed in quadruplicate,
with 10 larval SHM in 100 mL test solution.
All dishes labeled hypoxic were covered by Petri dishes, and placed within the
Biosherix !-Glove incubator glovebox (Figure 5) which was preset to 2.5 mg!L. Dishes
labeled normoxic were covered and placed on top of the glovebox. The exposure was not
able to be performed inside an incubator therefore temperature control was regulated by
ambient air (24 °C ± 1 °C). Observations and water quality measurements were
performed daily. The exposure was performed for 24 h. All samples were removed
from compound and stored in a 1.5 m1 centrifuge filled with 100 !!1 of RNAlater.
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Figure 5. Biosherix 1-Glove incubator glovebox, PROOX model 360 oxygen control
module.

• ••

Figure 6. Example of Pyrex dish layout in glove box.
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Study 4: 48 h acute exposure of 24 hph C. variegatus toWAF, CEW AF, and Hypoxia
Larval SHM were gathered from breeding as before. WAF and CEW AF were
prepared as a stock 10 mg!L solution. 100 m1 of both stock solutions were aliquoted into
150 ml Pyrex dishes. Four replicates were used for each solution along with a Control of
15 ppt ASW being placed in normoxic and hypoxic conditions. Ten, 24 hph C.
variegatus were placed in each replicate. After the water and larvae had been added to

the dish, daily observations and water quality measurements were taken. The Pyrex
dishes were moved from the Toxicology facility into the Caylor building. The hypoxic
treatments were placed inside the Biospherix glovebox which allowed the DO to be
brought down to 2.5 mg/L ± 0.5 mg/L.
Daily observations and water quality measurements along with water samples
from each replicate were taken every 24 h until the 48 h study ended. Water samples
were taken following water quality measurements. 3.5 ml of water was taken in
duplicates and added to a scintillation vial which contained 3.5 ml of ethanol. Water
samples were stored at 4 °C until analysis (up to seven days). After the 48 h exposure
period concluded samples were taken and placed in individual 1.5 m1 centrifuge tubes
filled with lOO !ll of RNAlater. Samples were stored at -20

oc until analysis.

Study 5: Adult C. variegatus exposure to chronic WAF, CEWAF, and Hypoxia
The chronic flow through study was designed to observe expression of CYP 1A in
adults, as well as reproduction impacts chronic exposure toWAF, CEW AF, and hypoxia
could have. This flow through exposure used the compound injection system described
above. By injecting new compound into the exposure it is possible to have fresh test
compound flow into each tank with a complete tank turnover rate every 14 hours.
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The aquaria were separated by hypoxic and normoxic treatment. This was
necessary due to the plumbing layout inside the exposure chamber (Figure 7). Four
replicates were used for each treatment. There were six treatments in total; treatments
were Hypoxia, 10 mg!L WAF Hypoxia, 10 mg!L CEWAF Hypoxia, Normoxia, 10 mg!L
WAF, and 10 mg!L CEW AF. Eight female and two male adult C. variegatus were
transferred to the replicate tanks in the flow through exposure system. For each replicate
5 rnl of stock WAF or CEWAF was delivered to the corresponding aquaria via injector
syringes.
The exposure was performed over a two week period. Adult C. variegatus were
given a 24 h acclimation period in normoxic conditions before the DO was gradually
lowered to 2.5 mg/L ± 0.5 mg!L. Temperature was controlled by a heater placed in a
circulating water bath. Daily observations were taken along with water quality
measurements. One week into testing two females were removed from each replicate.
The females were anesthetized using FINQUEL MS-222 (Tricane Methanesulfonate).
After movement stopped fish were placed on a dissecting surface to take gill and liver
samples for CYP lA and VEGF analysis. These samples were placed in 1.5 ml centrifuge
tubes filled with 500 ~-tl RNAlater. Samples were then stored at -20

oc until analysis (up

to five days).
After the two females were removed, breeding nets were placed into each
replicate tank. Breeding nets remained in each tank until the completion of the two week
study. Each day during the second week, along with daily observations and water quality
measurements, egg production counts were taken for seven days. Breeding nets were
removed from each tank and individual egg counts were completed. After counting the
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eggs from each tank, eggs would either be isolated or discarded. In order to be isolated
there had to be twenty or more total eggs per tank for the 24h period. If twenty eggs were
counted, they were placed into an embryo isolation cup (Figure 8) and returned to the
original tank. There would be a new embryo isolation cup placed in a control normoxic
tank if egg count totaled to be 40 or more eggs per tank or if the thank had previously had
twenty eggs isolated. This means it was possible for each replicate to have twenty eggs
isolated in the original treatment and an additional twenty eggs isolated in a normoxic
tank.

,.
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Hypoxia

Normoxia

10 mg!L WAF Hypoxia

10mg!L WAF

10 mg!L CEW AF

Figure 7. Overhead view of flow through system. Aquaria organization for the Adult
C. variegatus study was labeled by color, Purple = Hypoxia, Light Blue = 10 mg!L WAF
Hypoxia, Yellow= 10 mg!L CEWAF Hypoxia, Tan= Normoxia, Green= 10 mg/L
WAF, Dark Blue= 10 mg!L CEWAF. The Red, Blue, Green, and Yellow lines indicated
tubing that distributes WAF and CEW AF compounds to splitter boxes.
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<350 micron nylon mesh

Glass Petri dish
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Figure 8. Example of embryo isolation cup.

Isolation embryo cups were made by using glass Petri dishes and <350 micron nylon
mesh
Total Petroleum Hydrocarbon (TPH) Quantification of Exposure Water
Total Petroleum Hydrocarbon readings were taken from water samples that were
gathered during exposures. Exposure water (3.5 mJ) was combined with ethanol (3.5 mJ)
in a scintillation vial. Molecular Devices SpectraMax M2 was used for analysis of water
samples. Before analysis samples were placed in a Cole Parmer sonicating bath for 3
minutes. Vials were removed from the bath, and samples were then transferred into 1.5
ml centrifuge tubes. Water samples were moved to the Eppendorf 5417R centrifuge and

spun for 10 min at 10,000 rpm. This cycle causes the salt to precipitate and form a pellet
along the bottom of the tube. The water samples are then transferred to a gl ass cuvette
and placed into the SpectraMax M2 for florescence reading. The returned florescence
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reading is compared to a standard curve (established from analysis of the NGI source oil)
and converted to TPH values.
Total RNA extraction and eDNA synthesis
Total RNA was extracted either using pooled larvae during the acute larval or
whole liver/whole gill samples for the adult chronic study. RNA was extracted using a
RNA-STAT 60 and chloroform extraction protocol. Samples were transferred from the
storage container into 750 f!l of RNA-STAT 60 (Tel Test, Friendswood, TX, USA).
Samples were then homogenized using a sterile 1.5 ml handheld tissue homogenizer.
The homogenate was placed in the centrifuge and spun at 2,700 gat 4

oc for five

minutes. This gathered together all unhomogenized tissue at the bottom of the tube. The
liquid STAT 60 containing homogenized tissue was transferred to a new 1.5 rnl tube and
150 f!l of chloroform was added. The samples were vortexed for 30 seconds, placed in
the centrifuge at 4 °C and spun at 12,000 g for 15 min. The aqueous phase was removed
and re-extracted following the three previous steps. The aqueous phase (700 f!l) was
removed and placed in a new 1.5 ml tube. Before placing in the -20 oc overnight, 750 f!l
of isopropanol was added and gently mixed with the aqueous phase. The next day
samples were removed from freezer and centrifuged at 12,000 g for 60 min at 4 °C. This
centrifuge step allowed the RNA to precipitate and form a pellet along the bottom of the
tube. The supernate was gently poured off and the pellet washed with 750 f!l 75%
ethanol. Ethanol was gently poured off and RNA was resuspended in 50 f!l of RNA
storage solution (Ambion, Austin, TX, USA).
Following resuspention, a DNase treatment was done using lOX Dnase I and
Dnase Buffer (NEB , Ipswich, MA, USA). After incubation, 3M NaOAc (Ambion) was

33
added along with three volumes of 100% EtOH. RNA was stored again overnight in the
freezer. The following day RNA was placed in the centrifuge and spun at 12,000 g for 60
minutes. RNA precipitated and the supernate was poured off. The RNA pellet was
washed and resuspended in 50 J!l of RNA storage solution. RNA purity and
concentrations were assessed with a NanoDrop Spectrophotometer (ND-1000, NanoDrop
Technologies, Wilmington, DE, USA).
eDNA Synthesis
A first strand eDNA synthesis kit from Fermentas (Glen Burnie, Maryland, UDA)
was used with the extracted RNA samples. Template RNA (1 J!l), random hexamer (1
J!l), 5X reaction buffer (4 J!l), Rnase Inhibitor (1 J!l), 10 mM dNTP mix (2 !!1), Reverse
Transcriptase (1 J!l), and water ( 10 J!l) were combined in a 0.2 ml microcentrifuge tube
for a 20 J!l reaction. Samples were placed in a thermal cycler (MJ Research PTC-1 00, St.
Bruno, Quebec, Canada) and set to cycle for five min at 25 °C, 60 min at 42 °C, and to
terminate the reaction 70 oc for five min.
Quantitative PCR for Laboratory Exposures
Quantitative PCR (qPCR) was used to detect changes in CYP1A and VEGF
expression. The gene specific primers used here were developed from previous research
completed by Hendon ( 2006). Previously extracted and reverse transcribed (RT)
samples were used. The RT samples were diluted 1:10 with Nuclease Free Water
(Ambion, Austin, Texas, USA). Expression of RT samples were analyzed using SYBR
Green Supermix and the icycler iQ Real-Time PCR Detection System (Bio Rad
Laboratories, Hercules, CA). Each reaction was analyzed as a 20 J!l reaction in a 96well, Hard-Shell Full-Height Semi-Skirted PCR plate (Bio Rad Laboratories, Hercules,
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CA). The 20 f..d reaction is broken down into 10 !!1 of 2X SYBR Green Supermix, 1 !!l
(10 !!M) forward primer, 1 !!1 (10 !!M) reverse Primer, 7 !!l Nuclease-free water, and 1 !!1
of RT sample. Plate was then covered with optically clear tape and run through a preset
program.

..
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CHAPTER III
EXPOSURE STUDY RESULTS
Experiment 1: Acute exposure of 24-hph larval C. variegatus to WAF and CEW AF
Experiment 1 was an initial study to determine dose-dependent CYP 1A
expression over time. Results indicate at both 24 h and 96 h that exposure to both WAF
and CEW AF indicated a general dose-response effect on CYPlA expression (Figure 9). I
also observed a time-dependent effect on CYPlA expression, in both WAF and CEWAF
exposures CYPlA expression was highest at 96 h compared to 24 h. The exception to
the dose dependent response was observed within the 24-h WAF and CEWAF
treatments, where CYPlA expression in the 10 mg/L WAF, 100

~giL

CEWAF, and 1

mg/L CEW AF samples were lower than expected. This may be due to some of the larval
SHM not having thoroughly developed Phase I biotransformation pathways at the
initiation of the experiment.
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Figure 9. Y-axis is CYP l A normalized fold expression, X-axis is exposure condition
concentration. (A) 24-h CYP lA response toW AF, (B) 96-h CYP lA response toW AF, (C)
24-h CYPlA response to CEW AF, (D) 96-h CYP lA response to CEW AF.
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Experiment 2: Acute exposure of 24 hph C. variegatus to hypoxia
Experiment 2 was used to determine the time course of VEGF expression when
24 hph C. variegatus were exposed to moderate hypoxia (2.5 mg/L DO) over a 96-h
period. It also served as a test of the hypoxia chamber to maintain a consistent DO
concentration over the duration of the experiment. The results indicate that the desired
DO level was in fact maintained consistently over 96 hours, and that the glove box
(Figure 5) was a valid choice for the following experiments. DO levels were 2.5 ± 0.006
mg/L (Figure 10). Gene expression of VEGF was maximally induced ( 1.5 fold
expression) at the 48 h sample time, and generally decreased afterwards (Figure 11).
Following the peak at 48 h, VEGF expression continues to fall for the remainder of the
exposure.
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Figure 10. Measured dissolved oxygen levels for exposure 2. Hypoxic conditions
remained at 2.5 mg!L ± 0.5 mg/L.
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Figure 11 . Y-axis is VEGF normalized fold expression, X-axis is exposure condition
duration. VEGF expression change over a 96 h period of 24-hph sheepshead minnow to
2.5 mg/L DO.
Experiment 3: Acute exposure of 24 hph C. variegatus toW AF, CEW AF, and Hypoxia
Experiment 3 was the first exposure to use WAF or CEW AF and hypoxia in a
combined exposure. CYP l A expression in the combined exposure of W AF/CEW AF and
hypoxia is compared to the WAF or CEW AF CYP 1A expression. By comparing the
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combined exposure to the individual exposure I am able to observe a change in CYPlA
expression. As observed in Experiment l, there was a dose-dependent increase in
CYP l A expression following exposure to both WAF and CEWAF. Contrary to my
hypothesis, in both WAF (Figure 12A) and CEW AF (Figure 12B) exposures co-exposure
to hypoxia increased CYP lA expression rather than repressing it. In both WAF and
CEW AF exposures, the addition of moderate hypoxia had a synergistic effect by
increasing CYPlA expression by approximately 50%. This effect was consistent across
both oil types and concentrations. Interestingly, CYPlA expression levels look relatively
similar between WAF and CEWAF treatments.
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concentration. (A) CYP 1A response from 24 hph C. variegatus when exposed to WAF
and WAF+ hypoxia. (B) CYP lA response from 24 hph C. variegatus when exposed to
CEW AF and CEWAF + hypoxia.
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Experiment 4: 48 h acute exposure of 24 hph C. variegatus to WAF, CEWAF, and
Hypoxia
Exposure parameters (10 mg!L WAF/CEWAF, 48 h exposure duration, 2.5 mg/L
hypoxia) were determined from previous exposures. Larval SHM were exposed as
described above. Total Petroleum Hydrocarbon (TPH) and DO levels were measured to
verify the exposure conditions. TPH measurements were completed for this study and
indicate oil was present in all exposure treatments. The amount of source oil added
(loading rate) to all treatments was 10 mg/L. For WAF treatments at 24 h oil in the water
amounted to about 10% (1 mg!L) ofthe loading rate. In the 24 h water samples from the
CEWAF treatment, around 5% (500 !lg/L) of the loading rate was achieved. After the
study had concluded water samples were taken for TPH comparison. Although covered,
volatilization still occurred. 48 h WAF water samples contained around 8% (800 !lg/L)
of the loading rate while CEWAF water samples contained about 4% (400 !lg/L) of the
loading rate (Figure 13). Dissolved oxygen levels remained at 2.5 ± 0.1 mg!L throughout
the exposure (Figure 14).
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Figure 13. TPH concentrations in each treatment of Experiment 4.
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Figure 14. Dissolved oxygen measurements from exposure 4.
CYP1A expression increased in all treatment exposures from control levels, but
again the addition of moderate hypoxia resulted in an induction of CYP 1A expression
over the oil treatments alone (Figure 15A). Hypoxia did not induce expression of
CYP1A, indicating that the observed response was likely a synergistic result of hypoxia
altering the Phase I biotransformation pathway, rather than an additive effect of both
exposures.
VEGF expression was induced by hypoxia as expected (Figure 15B). WAF
exposure did not induce VEGF expression, although the co-exposure of WAF and
hypoxia resulted in a slightly lower VEGF expression level than did hypoxia alone,
possibly indicating crosstalk and an inhibitory response in the HIF pathway.
Interestingly, those results did not hold for the CEWAF exposure. CEWAF produced a
mild induction ofVEGF (although so slight this may be due to sampling error), and the
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Interestingly, those results did not hold for the CEW AF exposure. Here, CEW AF
produced a mild induction of VEGF (although so slight that this may be due to sampling
error), and the combination of CEW AF + hypoxia produced the highest induction of
VEGF.
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Experiment 5: Chronic flow through adult C. variegatus exposure toW AF,
CEWAF, and Hypoxia
This experiment was performed to expand on the larval results from Exposure 4,
and to further identify the effects of co-exposure to WAF/CEWAF and hypoxia on 1)
adult mortality over a two week chronic exposure, 2) effects on egg production per
female, 3) embryo hatch success, and 4) larvae survival over a five day grow out period.
Additionally, I examined CYP lA and VEGF expression in the liver and gills from adult
female C. variegatus. To do this, I performed a chronic, flow through exposure with
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both SHM adults, and larvae. Exposure parameters were determined from initial range
finder exposures. Hypoxic conditions were set at 2.5 mg/L ± 0.5 mg!L, while WAF and
CEW AF concentrations were nominally 10 mg/L.

Over the two week exposure period

two females were sampled at the end of one week and the remaining fish taken as
samples following the completion of the exposure.
Water sample analysis verified that the flow through injector system was able to
inject and maintain a consistent level of compound in each treatment (Figure 16). The
one week TPH readings showed a concentration of 548.7 ± 10.75 llgiL in WAF, 537.8 ±
9.94 llgiL in CEW AF, 512.4 ± 5.1 llgiL in WAF+ hypoxia, and 550.5 ± 4.5 llgiL in
CEWAF +hypoxia. Week two water sample analysis returned TPH reading of 533.2 ±
4.32 llgiL in WAF, 561.4 ± 23.8 llg!L in CEW AF, 495.7 ± 13.75 llgiL in WAF+
hypoxia, and 545.7 ± 18.6 llgiL in CEWAF +hypoxia. Hypoxia results were similarly
consistent, with those for each treatment remaining within 0.5 mg/L of the desired 2.5
mg!L DO target (Figure 17).
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Figure 17. Measured DO readings in TRT + HYP tanks over the duration
of the experiment. Mean DO for hypoxia 2.47 ± 0.4, hypoxia WAF 2.47 ±
0.4, and hypoxia CEWAF 2.47 ± 0.4.
Adults that were in normoxic conditions including WAF and CEWAF treatments
remained under 10% mortality over the two week test period (Figure 18). Adult
mortality was the highest in the hypoxia and hypoxia plus WAF or CEWAF treatments.
Mean mortality in the hypoxia treatment was 20.8% ± 5.6%, while in theWAF + HYP it
was 1.19% ± 0.82, in the WAF treatment 3.13 ± 1.04, CEWAF 5.4 ± 2.0 and in the
CEWAF + HYP treatment it was 12.5 ± 2.3 (Figure 18).
Following the two week exposure, egg production per female was assessed by
dividing the total egg produced per day in each treatment by the number of females in
each treatment (Figure 19).

Hypoxia treatments produced the lowest amount of eggs per

female, with hypoxia control yielding 15.77 ±3.78 eggs per female, hypoxia + WAF
15.94 ±3.83 eggs per female, and hypoxia + CEWAF 8.84 ±3.38 eggs per female. The
adult females within the tanks under normoxic conditions produced more eggs per
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Figure 18. M01tality of adult SHM during Experiment 5. Each point is the mean
Mortality of four replicate tanks plus or minus SEM.
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Figure 19. Cumulative egg production per adult female C. variegatus when exposed to
normoxia WAF and CEW AF and hypoxia WAF and CEW AF. Mean and SE cumulative
egg production at 168h, CTRL- 56.48± 7.4, WAF- 26.46 ± 4.34, CEW AF- 36.07 ±
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3.38.
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treatment (Figure 19).

Hypoxia treatments produced the lowest amount of eggs per

female, with hypoxia control yielding 15.77 ±3.78 eggs per female, hypoxia+ WAF
15.94 ±3.83 eggs per female, and hypoxia+ CEW AF 8.84 ±3.38 eggs per female. The
adult females within the tanks under normoxic conditions produced more eggs per
female; the normoxia control treatment produced 56.48 ± 7.4 eggs per female, the WAF
only treatment 26.46 ±4.34 eggs per female, and CEWAF 36.07 ±4.5 eggs per female. A
two-way ANOVA was done using the Holm-Sidak method with exposure time (DF = 6,
F = 17.7) and treatment (DF = 5, F = 22.4) as factors . The two-way ANOVA found the
differences between the control and all treatments to be significant at <0.00 l. Along with
comparing treatment to control I compared normoxia treatment to hypoxia treatments
with a returned significant difference between CEWAF and hypoxia CEW AF
(P=<O.OOl).
During the egg production phase, eggs were isolated from each treatment tank.
Eggs were either placed back into the test solution (N = 20), or removed into clean water
(N =20), and both time to hatch, hatch success, larval survival post hatch. This was done
in order to assess the effects of embryonic exposure no larval health, in contrast to larval
exposures.
The control normoxia aquaria produced the largest amount of eggs per female and
had a hatch success of 54.5% ±6.6% by Day 3 (Figure 20A). Hypoxia generally
produced a profound effect on embryo hatch. In hypoxia control, eggs that were left in
hypoxic waters had zero hatch, while the ones removed into normoxic control water;
hatch success was 49% ± 9.4% (Figure 20B).
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Figure 20. Results from chronic egg isolation. Black dots indicate the isolation cup that
was placed in clean normoxic conditions compared to the White dot that indicating an
isolation cup that remained with the original treatment, (A) CTRL normoxia indicating
eggs remaining unhatched (%). (B) Hypoxia indicating eggs reaming unhatched. (C)
WAF indicating eggs remaining unhatched. (D) Hypoxia + WAF indicating eggs
remaining unhatched. Points represent mean ± SO of 4 replicates.
Exposure toW AF treatments produced similar results as hypoxia on hatching
success. Hatch success in WAF exposures for isolation in treatment was 33.3% ±10.3%,
while eggs that were moved into clean water had a hatch success of 38% ± 9.3 % (Figure
20C). WAF plus hypoxia also had a very low hatch. The isolation cup that was
transferred to clean normoxic conditions had a hatch success of 21.3% ±5.9%, where the
cup that remained in treatment was limited to 2.7 % ±1.8% (Figure 200). A two-way
ANOVA using the Holm-Sidak method was completed using time (DF = 4, F = 8.3) and
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treatment (OF = 10, F = 11.6) as factors comparing egg hatch success between the
isolation cups. Within each original treatment (CTRL, WAF, CEAF, HYP CTRL, HYP
WAF, and HYP CEW AF) 20 eggs were removed and isolated in either the original
treatment or moved into a control tank. By separating eggs it allowed for egg hatch
success to be compared between previously exposed eggs to treatment condition or eggs
that were continuously exposed to treatments conditions. The two-way ANOVA only
returned a significant difference within the hypoxia treatment eggs and the hypoxia
control eggs (P=<0.001).
Exposure to CEW AF without hypoxia demonstrated that the isolation cup moved
into control water had a slightly higher hatch success than the cup that remained in
treatment at 56.5% ± 8.9% (Figure 21 A). The CEWAF isolation cup that remained in
treatment had a hatch success of 41.2% ±7.1% (Figure 2lA). The CEWAF +Hypoxia
eggs in treatment had a hatch success of 1% ± 0.7% and eggs that were moved to control
water were 1.5% ± 1.03% (Figure 21B). The treatment that produced the greatest 72h
larval survival was control at 56.3 % ± 5.5% and the treatments that returned the lowest
larval survival were hypoxia isolated in hypoxia, hypoxia WAF isolated in treatment, and
hypoxia CEW AF both isolation cups at 0% survival.
Larvae that successfully hatched were followed for 72 h to assess larval survival.
Eggs that remained within the treatment conditions were compared to those that were
removed into clean water. Larval survival within the eggs that hatched under normoxic
conditions was highest, with a mean 72 h survival of 49.78% ±32% while eggs that
hatched under hypoxic conditions had 0% larval survival. The normoxia control larval
survival at 72 h was 56.2% ± 5.5%. The hypoxia eggs isolated in treatment was 0%
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where the eggs isolated in control water was 56.7% ± 22.4%. WAF isolated in treatment
had larval survival at 72h of 37.5% ±21.7% and when isolated in control water the 72 h
larval survival was 55% ± 20.7%.
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Figure 21. Results from chronic egg isolation. The black dots indicate the isolation cup
that was placed in clean normoxic conditions compared to the white dot that indicates an
isolation cup that remained with the original treatment. (A) CEWAF normoxia indicating
eggs remaining unhatched(%), (B) CEWAF+ hypoxia treatment of eggs remaining
unhatched. Points represent mean ± SD of 4 replicates.
Larval survival in the hypoxia WAF treatment that was moved to control was
20% ±20% where the hypoxia WAF isolation cup that remained in treatment did not
survive. 72 h larval survival for CEW AF eggs in treatment was 42.5% ± 10.1% and in
eggs moved to control survival was 52.5% ± 22.0, Finally, CEW AF +hypoxia larval
survival at 72 h for eggs isolated in treatment was 0% and eggs hatched in control
treatment was 0% (Figure 22). A one-way ANOVA by ranks was run using the KruskalWallace method. This identified a significant difference between all of the treatment
groups ofP=O.Ol(H = 23.1 with 10 DF). Following the Kruskal-Wallace test a pairwise
comparison was completed using Dunn's method with no significance found between
treatments.
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Figure 22. Results indicating larval survival at 72h from eggs that hatched within each
treatment.

The qPCR results indicate that the patterns of CYPlA expression observed in the
larval SHM are also present in adult SHM. At both the 1 week (Figure 23A) and 2 week
(Figure 23B) sampling points, hepatic CYP1A expression was higher in the WAF+
Hypoxia and CEW AF +hypoxia treatments than in theWAF or CEWAF alone, again
indicating that the hypothesized direction of crosstalk was not occurring. It should be
noted that in both WAF and CEW AF exposures, CYP 1A expression decreased between
the Week 1 time point and the Week 2 time point, possibly indicating either a reduced
expression due to the energetic costs associated with CYPlA expression and activity, or a
shift from detoxification and excretion to increased accumulation and storage.
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In addition to hepatic gene expression, CYP 1A expression was assessed in gill

samples at the two week time point (Figure 24). Again, the same pattern of increased
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Figure 23. (A) 1 week liver sample CYPlA expression in WAF, CEWAF, WAF+
hypoxia, and CEWAF + hypoxia. (B) 2 week liver sample CYPlA expression in WAF,
CEW AF, WAF + hypoxia, and CEWAF + hypoxia.

CYP 1A expression when the two stressors were applied was observed. Unsurprisingly,
CYPlA expression in the gills for WAF and CEW AF treatments were between 10-15
fold greater than the liver samples.
In addition to the CYPlA expression data, I also looked at the effects of the

different treatments on expression of VEGF, to assess the possibility of interference with
the HIFl response pathway. The two week gill samples were the only ones tested to date,
and the results are highly inconclusive, indicating no apparent effect of any treatment in
VEGF expression in gill tissue (Figure 25).
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CHAPTER IV
DISCUSSION
The goal of my thesis project was to identify the possible interactions between
CYP lA and VEGF response pathways under simultaneous exposure to oil and hypoxia in
the estuarine sentinel species, Sheepshead minnow. My results indicate that
simultaneous exposure to both oil (either crude or dispersed) and moderate hypoxia will
result in a synergistic effect on CYP 1A expression, that this effect is present in both
larval and adult SHM, that hypoxia and oil co exposure reduces larval hatching success,
and that larval survival is reduced under simultaneous exposure.
The most interesting finding of my research is that the observed response of
CYP lA was not what was initially hypothesized. As I describe in the introduction, the
nature of the relationship between CYP 1 and VEGF pathways indicated that
simultaneous exposure to oil and hypoxia should reduce expression of either CYP 1 or
VEGF, or both. Based on previous research (Chan et al., 1999; Gassman et al., 1997;
Gradin et al., 1996), I expected the CYP 1 pathway to be interrupted. However, my data
indicates that the opposite occurs, that CYP 1 was induced in synergistic measure when
SHM (both larval and adult) were exposed to both stressors. Several possible
explanations for an increase in CYP lA expression are; first, there is a possibility that the
ARNTIHIFl b protein is inducible in SHM. This has traditionally thought to not be true
(Bruick, 2003); however, this would account for the responses I report here. If
ARNTIHIFl b was in fact inducible, then my experimental design of placing the fish into
oiled water, and then slowly (over the course of 12 hours) reducing the DO to 2.5 mg/L
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(moderate hypoxia) would allow sufficient time for the protein to be transcribed and
translated. While this response has not been reported in the literature, much of the
published research utilized freshwater organisms (Carls et al., 2008; Fleming & Di
Giulio, 2011; Fleming et al., 2009; Padilla & Roth, 2001 ), and not estuarine or marine
species. As the natural habitat of sheepshead minnow is estuaries, they have evolved or
adapted to living in a habitat that routinely experiences fluctuations in dissolved oxygen
levels. Therefore, it is not necessarily surprising that their response to a combined
stressor experiment involving hypoxia is different from species who have not evolved or
adapted to living in such a habitat.
Secondly, it is possible that rather than ARNT/HIFl b being inducible, that (again,
due to the habitat they live in) SHM cells have a high level of this protein endogenously
expressed, and that the experimental parameters used in my research were not sufficiently
stressful to deplete these stores and force the cells to choose between the two pathways.
However, this is less likely than the previous explanation, as Experiment 5 consisted of a
long-term (two week) exposure, and it is difficult to believe that that duration would not
be sufficient to deplete intracellular ARNT/HIFlb, particularly given that relatively high
levels of mortality were observed in the hypoxia control exposure.
The CYPlA expression data seem to firmly support the conclusion that the
simultaneous exposure used here does not interrupt that pathway, the data is much less
strong for drawing conclusions about the effect on the VEGF pathway. In experiment 4
(larval combined exposure), exposure toWAF +Hypoxia resulted in slightly lower
expression of VEGF than did hypoxia alone, which would seem to indicate that the
hypothesized interaction was occurring. However, the combination of CEW AF +
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hypoxia resulted in a greater induction than hypoxia did. While it is possible that
CEW AF and WAF are interacting with the organism in such a way as to produce a
differential response in HIFI b utilization, this seems unlikely. In all exposures where
VEGF expression was quantified, the absolute changes in expression level were quite low
(approximately two-fold). This low responsiveness to hypoxia or oil plus hypoxia may
be masking an interaction that cannot be seen in the current dataset. It is possible that if I
had examined another hypoxia response gene (possible erythropoietin), that it would have
had a larger response and that I could have observed a consistent response in the data.
The adult chronic VEGF data was disappointing, as it seemed to indicate that there was
no observable response of VEGF to any of the treatments. It is possible that by the end
of that experiment, the exposed SHM had adapted physiologically to the lowered DO
concentration, and no longer were undergoing angiogenesis, which would result in an
observed reduced expression of VEGF. If the exposed fish had been assessed at earlier
time points (perhaps 48-96 hours), more of an effect might have been observed.
Another possible explanation for the observed data is that, in SHM the ARNT and
HIFlb protein are not, in fact, the same protein. While this relationship has been fairly
well established, it is also known that some fish have multiple isoforms of ARNT (Powell
& Hahn, 2000). This raises the possibility that, in SHM 1) it is an alternate variant of the

ARNT that is responsible for dimerization with AHR and HIFla, or 2) that under
sufficient environmental stress such that available ARNT is bound to one of the
dimerization partners, the remaining undimerized proteins shift to one of the alternate
variants, allowing downstream gene transcription to proceed uninterrupted.
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My thesis research has also verified that exposure to crude and dispersed oil will
cause CYP 1A to be expressed in a dose dependent manner. While the response of
CYP lA to PAHs is very well described, both crude and dispersed oil contain hundreds of
different compounds, not all of which induce CYP 1. Some, in fact, have been shown to
repress CYP 1A expression (Di Giulio and Linton, 2008). Additionally, I have shown that
SHM exposed to dispersed oil often produces an increased induction ofCYPlA within
the fish, probably due to the increased bioavailable PAHs in the water. CYP 1A
expression was verified in the range finding Exposures 1 and 3 (Figure 9 and 12). Also,
during exposure to moderate hypoxia VEGF expression will peak at 48h (Figure 11 ). My
results correspond with past research showing similar dose dependant expression of
CYP1A when estuarine fish are exposed to PAHs (Fleming & DiGiulio, 2011; Hendon
et al., 2007; Levine & Oris, 1999; Ramachandran, Hodson, Khan, & Lee, 2003).
However, my results indicated an increase in CYP 1A expression during simultaneous
exposure to WAF/CEWAF +hypoxia. The increase in CYP1A expression contradicts
past research showing inhibited CYP1A expression during exposure to single PARs and
simple PAH mixtures plus hypoxia. Fleming and DiGiulio (20 11) discussed the possibly
of an alternate interaction between CYP 1A and hypoxia response pathways when fish are
exposed to complex PAH mixtures and hypoxia. The response observed in my research
shows that C. variegatus is able to manage exposure to crude oil and mild hypoxia on the
molecular level.
The method in which C. variegatus manages simultaneous exposure is not clear.
As discussed earlier the increase in CYP 1A expression could be due to the unknown
relationship between crude oil exposure and CYP l A response, an induction of the
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ARNT/HIF-1~

protein, or an abundance of ARNT/HIF-1~ being produced and not fully

utilized until simultaneous exposure does occur. Both induction and abundance of
ARNT/HIF-1~

could have evolved in C. variegatus due to their habitat experiencing

chronic hypoxia and PAH exposure from contamination and from the natural oil seeps
found throughout the Gulf of Mexico. In order to verify and further answer how the
CYP1A pathway is being further induced during simultaneous exposure the ARNT/HIF1~ protein needs to be sequenced and assessed using similar qPCR methods.
Although C. variegatus was shown to manage exposure on the molecular level
simultaneous exposure did have a significant impact on egg production between CTRL
and HYP treatments (p=<O.OOl) and between CEWAF and HYP CEWAF (p=<O.OO l). A
significant difference was also observed in egg hatch success. Eggs that were moved into
control tanks showed a significant increase in egg hatch success within the hypoxia tank
(HYP treatment vs. HYP CTRL p=<O.OO 1). The difference observed in egg production,
hatch success, and larval survival between hypoxic and normoxic treatments in
combination with WAF/CEWAF shows evidence of a synergistic effect caused from
simultaneous exposure. The decreases observed during the reproduction study could be
attributed to PAH exposure having antiestrogenic effects as discussed in Whitehead et al.
(20 11 ). Whitehead showed down regulation of ZP, ChgH, and vitellogenin all of which
are involved in reproduction. In conclusion, Whitehead stated extended PAH exposure
could have reproduction implications due to the antiestrogenic effects PAHs have
(Whitehead et al., 2011).
Immediate acute exposure effects are cause for concern, but the effects observed
from simultaneous exposure are not limited to acute exposure. Long term sub lethal
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exposure as shown in my research negatively impacts SHM larval survival, egg hatch
success, and their ability to reproduce. If an adaptable species like C. variegatus is
adversely affected through simultaneous exposure it is necessary to evaluate other more
sensitive species such as Cynoscion nebulosus which also use bays and estuaries as
spawning and rearing grounds. As stated before, inshore estuarine areas are utilized by
75-90% of northern Gulf species at some point in their life cycle. A species like

Brevoortia patronus (Gulf menhaden), that represent a large commercial importance,
uses the exposed estuarine areas as juveniles, until they become large enough to move
offshore into marine waters. Not only do juveniles from this species use estuaries, but the
adults also frequent large estuaries (Ahrenholz, 1991). This means that at different life
stages the Gulf menhaden could potentially be exposed to PAHs and hypoxia. If similar
reproductive effects are observed within the Gulf menhaden as observed with SHM, than
simultaneous exposure could have a dramatic impact on menhaden populations.
Exposure 5 included a two week analysis of CYPlA and VEGF expression. As
noted CYPlA expression decreased between the one and two weeks samples in theW AF
and CEW AF treatments. The cause of this was hypothesized to be a possible switch from
detoxification and excretion of PAHs to an accumulation and storage. If accumulation
and storage is occurring at week two, exposure beyond two weeks as in the case of DWH
could increase toxic effects. In addition to increased exposure length affecting
metabolism and excretion, changes in hypoxic conditions from mild hypoxia to severe
hypoxia could exacerbate the toxic or reproductive effects during simultaneous exposure.
The possibility of long term exposure is still present in the Gulf of Mexico. In
November of 2010 an oil budget was created and grouped released oil into three
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categories. Of the three categories, one was the estimation of oil remaining in the Gulf
and coastal waters. The estimate stated that 22% of the oil remained within the Gulf of
Mexico and its coastal waters (Boopathy, Shield, & Nunna, 2012). Although it is difficult
to estimate the amount of oil remaining following cleanup efforts, due to oils persistent
nature it has the potential to remain within the environment for long periods of time like
it did in PWS following Exxon Valdez. In addition to oil remaining within coastal
environments, hypoxic conditions recur each year to possibly recreate conditions similar
to the ones my research focused on. Long term exposure year after year within coastal
environments has the potential to greatly impact fish populations.

In conclusion, my research indicated the negative impact simultaneous exposure
to crude oil/dispersed crude oil and hypoxia can have on the small estuarine species C.

variegatus. Although CYPlA expression was found to increase I found some evidence
that long term exposure could lead to the accumulation of PAHs and possibly adult
toxicity. In addition to molecular response observed to directly expose larval and adult C.

variegatus my research indicated decreases in egg production, hatch success, and larval
survival. If exposure is reoccurring there is the potential for populations to be effected
due to poor recruitment. When an incident such as DWH occurs it is crucial that other
environmental stressors, including dissolved oxygen be considered as contributing factors
to toxicity. Knowing that a synergistic effect is observed during chronic and acute
simultaneous exposure, an inadequate evaluation of environmental parameters during an
oil spill can lead to underestimated impacts on natural resources.
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